CROP SCIENCE, VOL. 48, JULY-AUGUST 2008 RESEARCH I n Nebraska and the United States as a whole, grain sorghum [Sorghum bicolor (L.) Moench] production area has declined since 1965, while maize (Zea mays L.) production area has increased (NASS, 2007) . Although there are many possible reasons for this shift, the widening yield gap between the two crops is a major contributor. In 1965, maize yielded 0.9 Mg ha −1 more in Nebraska and 1.4 Mg ha -1 more in the United States, while the diff erence expanded to 4.5 Mg ha −1 in Nebraska and 5.0 Mg ha -1 in the United States by 2005. The purpose of this study was to evaluate grain yield and yield components across diff erent production environments for old and new grain sorghum and maize hybrids to better understand the genetic contributions to the widening yield gap between sorghum and maize.
In recent years, several studies have compared old and new maize hybrids. Duvick and Cassman (1999) reported little change in maize yield potential based on trends of contest-winning yields under irrigated conditions, while dryland contest-winning yields have increased due to increased stress tolerance. Studies have found that new hybrids have a reduction in the percent barren plants, root and stalk lodging, anthesis-silk interval, tassel size, grain protein concentration, leaf senescence, and interference from weed competition as compared to old hybrids (Duvick, 1997;  Yield Increase Has Been More Rapid for Maize than for Grain Sorghum
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ABSTRACT
In the United States, much grain sorghum [Sorghum bicolor (L.) Moench] production area has shifted to maize (Zea mays L.) during the last 25 yr, which has been partially due to grain yield differences between these crops. The objective of this study was to document the rate of grain yield increases for maize and sorghum hybrids from 1950 to 1999 in rainfed and irrigated environments in eastern Nebraska. Across all production environments and years, maize produced 1.7 to 4.3 Mg ha −1 greater yield than sorghum. The rate of yield increase was approximately three times faster for maize than sorghum but varied with production environments. The highest rate of yield increase (0.050 Mg ha −1 yr −1 ) was found for rainfed, high water-holding capacity soil conditions; the second highest rate of increase was for irrigated maize (0.028 Mg ha −1 yr −1
). The rate of sorghum yield increase under all environments and maize under rainfed, low water-holding capacity soil conditions was low at 0.010 to 0.015 Mg ha −1 yr −1
. Pearson correlations indicated that the number of ears (panicles) per square meter had the highest association with yield (r = 0.68 for maize and r = 0.59 for sorghum) while both the number of kernels per ear (per panicle) and kernel weight were signifi cantly correlated to yield for both crops. Yield component analysis for maize shows that yield increases with introduction year resulted from increased number of ears per square meter and kernel weight, while sorghum saw no signifi cant correlation between yield and yield components. Duvick et al., 2004a Duvick et al., , 2004b Tollenaar, 1989; Tollenaar and Aguilera, 1992; Tollenaar et al., 1997; Valentinuz and Tollenaar, 2004) . More recent hybrids also have increased starch concentration (Duvick, 1997) , radiation use efficiency (Tollenaar and Aguilera, 1992) , ears per plant, and plant growth rates from 1-wk presilking to 3-wk postsilking , kernel weight (Barker et al., 2005) , harvest index (Tollenaar, 1989) , grain fi ll duration (Cavalieri and Smith, 1985) , grain test weight (Duvick et al., 2004a) , increased partitioning to the ear during silking (Echarte et al., 2004) , resistance to second generation European maize borer [Ostrinia nubilalis (Hübner)] damage (Duvick, 1997) , and broader genetic background (Duvick et al., 2004a; Smith et al., 2004) . The only similar study on grain sorghum estimated a total yield increase of 139% between 1956 and 1997 in Texas with approximately onethird of this increase due to genetic improvement and two-thirds from improved crop and soil management (Unger and Baumhardt, 1999) . The genetic gain reported in this study was similar to that reported earlier by Miller and Kebede (1984 ) from 1960 suggesting that the rate of genetic gain in sorghum has been similar during the past 50 years.
Grain yield and grain yield components vary for maize (Calviño et al., 2003) and grain sorghum (Maman et al., 2003 (Maman et al., , 2004 with production environment. Yield component determination is sequential during the growing season with ears (or panicle) per square meter determined during early development, kernels per ear (or per panicle) occurring during anthesis and early grain fi ll, and kernel weights during grain fi ll (Vanderlip, 1993; Ritchie et al., 1992) . Although both crops have potential for yield component compensation (Frova et al., 1999; Monneveux et al., 2005) , this compensation is less than perfect when stress occurs at critical growth stages (Kiniry, 1988; Aluko and Fisher, 1988; Kiniry et al., 1990) .
Yield component studies with maize have shown ears per square meter, kernels per ear, and kernel weight to be closely associated with yield diff erences due to the amount and timing of water availability (Grant et al., 1989; O'Neill et al., 2004) , crowding stress or high plant population (Hashemi et al., 2005; Monneveux et al., 2005) , and border eff ects in strip intercropping (Lesoing and Francis, 1999) . In general, the number of kernels per ear has been most sensitive to water stress. Yield component studies with grain sorghum have shown the number of panicles per square meter to be associated with yield changes from nonuniform stand reductions (Larson and Vanderlip, 1994) , border eff ects in strip intercropping (Lesoing and Francis, 1999) , and N application (Rajewski et al., 1991) . Kernels per panicle of sorghum has been found to be sensitive to weed competition (Limon-Ortega et al., 1998) , nonuniform stand establishment (Larson and Vanderlip, 1994) , row spacing and plant population (M'Khaitir and Vanderlip, 1992; Stickler and Wearden, 1965) , soil water storage diff erences (Norwood, 1992) , and defoliation (Rajewski et al., 1991) . Kernel weight of sorghum appears to be the most sensitive yield component for environmental diff erences (Saeed et al., 1986; Maman et al., 2004) , row spacing and plant population (Stickler and Wearden, 1965) , and water availability diff erences (Maman et al., 2004; Norwood, 1992) .
The specifi c objective of this research was to test the hypothesis that maize grain yield due to improved genetics has been greater than for sorghum, and use yield components to help understand the reasons. This hypothesis was tested using selected maize and grain sorghum hybrids introduced between 1950 and 1999 across eastern Nebraska production environments consisting of rainfed systems on soils with high and low water-holding capacity soils, and furrow irrigated conditions.
MATERIALS AND METHODS
A 3-yr study was conducted at the University of Nebraska Agricultural Research and Development Center near Mead, NE, during the 1999, 2000, and 2001 growing seasons. The experiment was conducted in four production environments (soil type, row spacing, irrigated-rainfed combinations). Three production environments were on the high water-holding capacity Sharpsburg silty clay loam soil (fi ne, smectitic, mesic Typic Arguidoll) in each of the 3 yr. These production environments consisted of (i) furrow irrigated with 76-cm row spacing, (ii) rainfed with 76-cm row spacing, and (iii) rainfed with 38-cm row spacing. The fourth production environment was rainfed on a low water-holding capacity Ortello sandy loam (coarseloamy, mixed, mesic Udic Haplustoll) with 76-cm row spacing in 2000 and 2001. Within each production environment, maize and sorghum hybrids were planted in a randomized complete block design with split plot treatment arrangement and four replications. Maize and sorghum crops were whole plots and hybrids were the subplots.
Hybrids were selected based on their yield performance over a 5-yr period in the 1950s, 1970s, and 1990s in University of Nebraska Hybrid Performance Trials (Nebraska Cooperative Extension, 1950 -1997 . Those with highest average yields in their decade were selected. This was combined with knowledge of widely planted hybrids in eastern Nebraska during the 1990s, and seed availability for older maize and sorghum hybrids. The eight maize hybrids and year of introduction (in parenthesis) used in this study were NE501 (1950 ), NE611 (1970 ), B73XMO17 (1975 ), Cargill 7877 (1986 ), Pioneer P3489 (1991 ), Cargill 7770 (1997 ), Novartis N59-Q9 (1998 ), and P34R06 (1999 . The eight sorghum hybrids and year of introduction (in parenthesis) used in this study were RS610 (1956) , Dekalb E-57 (1965) , Dekalb E-59 (1970 ), NC+ 472 (1975 ), Pioneer 8505 (1992 ), Dekalb 44 (1997 ), Dekalb 53 (1998 ), and Pioneer 87G57 (1999 .
The Sharpsburg soil test sites had pH of 5.7 to 6.2, organic matter of 29 to 36 g kg −1
, Bray-1 P >30 mg kg −1 , and K >400 mg kg −1 in the top 20 cm of the soil profi le. The Ortello soil site had a pH of 5.7 to 6.2, organic matter of 9 to 11 g kg −1
, using a LI-COR 3100 leaf area meter (LI-COR, Inc., Lincoln, NE). Samples were dried at 65°C, and weighed to determine dry matter accumulation. Leaf area index (LAI) and ratio (LAR; leaf area per unit aboveground plant biomass) were calculated. Plant heights were measured from the soil surface to the tip of the maize tassel or sorghum panicle at physiological maturity.
Ear and panicle number were counted for the 14-m 2 harvest area from the center of each subplot, then grain yield for maize was measured by harvesting and weighing the grain from three of the middle rows of each subplot using a John Deere 3300 combine (Deere & Company, Moline, IL) with a threerow maize head. Grain yield in sorghum plots was measured by harvesting the middle four rows of each plot using a 3300 John Deere combine equipped with a 3-m grain head. Grain yields were corrected to 155 g kg −1 water content for maize and 140 g kg −1 water content for sorghum. Six maize ears and eight sorghum panicles subsamples were collected before harvest to determine the number of kernels per ear panicle, and this weight was added back to determine the fi nal yield. Maize subsample ears were shelled by hand and sorghum subsamples threshed with a belt thresher, and the total number of kernels per ear (per panicle) was measured using an Aden Count-a-Pack seed counter (Aden Engineering Electronic Control Systems, Pleasant Dale, NE). Kernels weights were determined for both crops by counting and weighing two 100-kernel subsamples.
Data Analysis
To evaluate potential production environment, year, crop, and introduction year (intro_yr) eff ects, grain yield and yield components data were analyzed with a combined analysis of variance for split-plot experiments over the 11 environments (env) where the model was y = μ + env + replication(env) + crop + crop × env + crop × replication(env) + intro_yr(crop) + env × intro_ yr(crop) + ε, with replication(env) and crop × replication(env) as random eff ects and with all other eff ects fi xed. The environment factor was further partitioned into eff ects for production environment, year and residual and all environment interactions were similarly partitioned. Introduction year within each crop [intro_yr(crop)] was broken into linear and residual eff ects and all the interactions with the linear trends were tested to evaluate how linear trends diff ered across production environments and years. Single degree-of-freedom contrasts were used to test the equality of means across production environment and year within a crop. The mixed models procedure of SAS was used for all ANOVA computations (Littell et al., 1996) . Appropriate linear regression relationships with introduction year were graphed to facilitate presentation of signifi cant contrast eff ects (Duvick and Cassman, 1999) . Pearson correlations were calculated among grain yield and grain yield components.
RESULTS AND DISCUSSION

Climatic Conditions
The 1999 growing season was the least stressful with above average precipitation, normal evapotranspiration (ET) and ET/precipitation ratio (Table 1) , and cooler than average temperatures ( Table 2 ). The 2000 and 2001 growing seasons had below average precipitation, above average ET
−1 in all 3 yr. Phosphorus was applied at a rate of 49 kg P ha −1 to all sites in all 3 yr and incorporated by disking. Soil tests indicated that only N and P were needed (Ferguson, 2000) , and the same N and P application rates were used for both maize and sorghum. Fertilizer was applied during the last 2 wk in April all 3 yr using a Gandy drop spreader (Gandy Company, Owatonna, MN).
All plots were fi eld cultivated just before planting. Planting of maize main plots occurred on 13 to 14 May 1999, 3 to 4 May 2000, and 9 to 10 May 2001. Irrigated plots were planted at 79,000 kernels ha -1 and thinned at the three-to four-leaf stage to a population of 66,700 plants ha −1 . Rainfed maize plots were planted at 66,700 kernels ha −1 and thinned at the three-to four-leaf stage to 55,600 plants ha −1 . Plant populations were consistent with recommendations at the experimental location (Roozeboom et al., 2007) . Planting was done with a four-row White planter (AGCO Corporation, Duluth, GA).
Planting of sorghum plots occurred on 4 to 7 June 1999, 16 to 17 May 2000, and 16 to 17 May 2001. Irrigated sorghum plots were planted to stand at 271,700 kernels ha −1 , while rainfed plots were seeded at 222,300 kernels ha −1 consistent with recommendations for the experimental location (Shroyer et al., 1998) . Planting of sorghum was done with a three-row planter with a Kincaid cone and units (Kincaid Equipment Manufacturing, Haven, KS). Plots were six rows wide with a row spacing of 76 cm and 6 m in length. A 1.2-m alley between each plot and either three rows of border sorghum or two rows of border maize separated sorghum and maize plots.
Weed control for maize plots was achieved through a pre-emergent application of a tank mix of Dual II Magnum [S-metolachlor: 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methyloxy-1-methylethyl) acetamide) at 2.1 kg a.i. ha . On sorghum plots, early weed control was achieved through the application of a tank mix consisting of Basagran at 0.56 kg a.i. ha −1 and Ramrod [propachlor (2-chloro-N-isopropylacetanilide)] + Atrazine DF at 2.2 kg a.i. ha −1 Ramrod and 0.6 kg a.i. ha −1 atrazine. In addition, all plots were cultivated and hand-weeded as required. All plots followed soybean [Glycine max (L.) Merrill] to help control insects, except in 2001, when Force 3G [tefl uthrin (2,3,5,6-tetrafl uoro-4-methylphenyl)methyl(1a,3a)-(Z-(+)-3-(2-chloro-3,3,3-trifl uoro-1-propenyl)-2,2-dimethylcyclopropanecarboxylate] insecticide was applied at 0.23 kg a.i. ha −1 to maize plots on the Ortello soil to control maize rootworm (Diabrotica spp.) due to a continuous maize production on this site. Also in 2001, 5, phosphorothioate] insecticide was applied at 1.1 kg a.i. ha −1 to all sorghum plots to control green bug (Schizaphis graminum Rondani) infestations. Irrigated plots were furrowed to facilitate gravity irrigation based on 50% soil water defi cit threshold determined using the feel method (USDA-NRCS, 1998).
Two-plant samples were collected from each subplot and separated into plant parts, and leaf area was measured at anthesis and ET/precipitation ratio (Table 1) , and average temperatures compared to long-term means ( 
Grain Yield
On average, maize grain yields of hybrids introduced between 1950 and 2000 increased at a rate that was significantly higher (P < 0.01) and nearly three times faster than was the case for grain sorghum (Fig. 1) indicating an increasing grain yield gap, consistent with Nebraska and U.S. statistics (NASS, 2007) . These data clearly show that grain yields of sorghum are increasing more slowly than for maize, likely the result of the large diff erential in plant breeding research investment in the two crops (Frey, 1996) . However, there was a signifi cant (P = 0.07) linear interaction of production environment-by-introduction year within crop, indicating that the rate of grain yield increase over introduction year was not consistent across the four production environments for either maize or sorghum (Fig.  2) . Sorghum yields for the three production environments on the high water-holding capacity silty clay loam soil were similar and greater than on the low water-holding capacity sandy loam soil (P < 0.01), but the rate of yield increase with introduction year was consistently low at 0.010 to 0.014 Mg ha −1 yr −1 for all environments. Maize yields were greatest for the irrigated production environment, intermediate for the rainfed, high water-holding capacity soil, and lowest for the rainfed, low water-holding capacity sandy loam environment. The rate of yield increase with introduction year was low for the rainfed, low water-holding capacity sandy loam environment, intermediate for the irrigated environment, and greatest for the rainfed, high water-holding capacity soil environments. The data suggest that the rate of yield increase for maize under the stressful low water-holding capacity environments was also low, and similar to those for sorghum, but in less stressful rainfed environments, the rate of increase has been nearly 0.050 Mg ha −1 yr −1
. It is important to recognize that the diff erent plant populations used for production environments reduced the stress diff erences present. In general, these rates of increase in maize yields were lower than those reported by Barker et al. (2005) , Duvick (1997 Duvick ( , 2005 , Duvick and Cassman (1999) , and Duvick et al. (2004a) perhaps due to the fact that only one plant population was used for all hybrids (Duvick et al., 2004a ; Figure 1 . Rate of maize and sorghum grain yield increase based on introduction year of hybrids [introduction yr(crop) linear P < 0.01]. Duvick and Cassman, 1999; Tollenaar and Wu, 1999) , but are consistent with Duvick and Cassman (1999) that yield increases have been greater in rainfed than irrigated environments. In contrast, Barker et al. (2005) found that the rate of maize yield increase was greater without presence of water stress, and decreased by 44% in presence of water stress at fl owering and by 77% by water stress during late grain fi ll. The higher rates of yield increase under rainfed, high water-holding capacity Sharpsburg soil than for the irrigated environments (Fig. 2) were consistent with reports that yield gains by new maize hybrids have been associated with increased tolerance to abiotic stresses (Tollenaar and Wu, 1999; Duvick and Cassman, 1999) . In contrast, the rainfed, low water-holding capacity Ortello soil environment, which had the greatest abiotic stress, exhibited the smallest rate of increase in maize grain yield. This low rate of yield increase may have been infl uenced by the absence of this environment in the experiment during the higher rainfall 1999 growing season (Table 1) .
Maize produced higher grain yields than sorghum in all production environments and in all years (Table 3) . The yield gap between the two crops was greatest in the most stressful production environment (rainfed, sandy loam soil) and the least stressful irrigated production environment. The same trend was true for year, with the largest gap being present in the most stressful 2001 year and the least stressful 1999 year. Given the diff erential yield levels of maize and sorghum under diff erent levels of abiotic stress (Muchow, 1988 (Muchow, , 1989 Sullivan et al., 1980) , the yield advantage of maize in the high precipitation 1999 growing season was expected, but would have been expected to have been lower in the low precipitation 2001 growing season with poor precipitation. At anthesis, all maize hybrids had similar LAIs, dry weights, and LARs as was also reported by Duvick (1997) , except for the hybrid C7770 which had a LAR 4 to 6 cm 2 g −1 greater than all other hybrids (data not presented). This implies that factors infl uencing grain yield diff erences ( Fig. 1 and 2 ) occurred during grain fi ll growth stages. In general, sorghum hybrids with later dates of introduction had greater LAIs and LARs at anthesis than the 1950 hybrid RS610 (data not presented), but this did not result in large grain yield increases ( Fig. 1 and 2 ).
Yield Components
Pearson correlations indicated that all yield components were associated with grain yield for both maize and sorghum (Table 4) . For both crops, the number of ears (or panicles) per square meter was the yield component most highly associated with grain yield, consistent with previous results in maize (Grant et al., 1989; O'Neill et al., 2004) but in contrast with previous sorghum results (Rajewski et al., 1991 : Maman et al., 2004 Norwood, 1992) which have shown kernel weight to be the most important yield component for environmental and water availability diff erences. No correlations among yield components was found for grain sorghum, indicating that little yield component compensation occurred, in contrast to results of Maman et al. (2004) .
Yield components for maize increased or decreased linearly with the year of introduction (P < 0.01; Fig. 3 ). The number of ears per square meter and kernel weights increased, consistent with results of Duvick (1997) , , and Duvick et al. (2004b) who reported that "new" maize hybrids had reduced number of barren plants than "old" hybrids, and Barker et al. (2005) found that new hybrids increased kernel weights. The number of kernels per ear decreased slightly suggesting that this did not contribute to maize grain yield gains over time, consistent with Duvick and Cassman (1999) . Limited correlation among yield components suggests that little compensation occurred among yield components in the maize hybrids used in this study in contrast to Frova et al. (1999) and Monneveux et al. (2005) . Although signifi cant correlations were found between sorghum yield and yield components, no clear relationship with introduction year was present.
The irrigated production environment for maize produced the highest yields, greatest number of ears per square meter, and heaviest kernel weight (Table 3 ). The greater number of ears per square meter was infl uenced by higher plant populations in the irrigated environment and likely a lower percent barren plants due to less stress (Grant et al., 1989; Hashemi et al., 2005; O'Neill et al., 2004; Monneveux et al., 2005) . The rainfed, high water-holding capacity soil production environments had similar number of kernels per ear and kernel weights, while the low waterholding capacity soil environment had lower yield and ears per square meter. The cooler, wetter 1999 growing season produced the highest maize yield and heaviest kernel weight, while the dry 2001 growing season had the lowest maize yield and lightest kernel weights. The number of ears per square meter and kernels per ear varied little across years. These results confl ict with numerous reports that the number of kernels per ear is the most sensitive yield component of maize to abiotic stress (Grant et al., 1989; O'Neill et al., 2004; Hashemi et al., 2005; Monneveux et al., 2005) . The high water-holding capacity soil environments produced similar yield and kernel weight for grain sorghum (Table 3 ). The irrigated environment produced more panicles per square meter and kernels per panicle than in rainfed environments. The lower yield for the low water-holding capacity soil environment was associated with production of fewer panicles per square meter, in contrast to results of Heinrich et al. (1985) , Saeed et al. (1986) , Norwood (1992) , and Maman et al. (2004) who found kernel weight to account for yield differences due to diff erences in environment and water availability. Higher sorghum grain yields were produced in the high precipitation 1999 growing season and in the 2000 growing season, which had good distribution of precipitation during the growing season ( Table 1) . The low yield in 2001 was associated with a reduced number of panicles per square meter and kernels per panicle and a lighter kernel weight.
CONCLUSIONS
Across the diverse environments studied, maize yields were higher than for grain sorghum. The rate of yield increase for maize hybrids since the 1950 was greater in rainfed, high water-holding capacity soil environments, intermediate for irrigated environments, and lowest in rainfed, low water-holding capacity soil environments. The rate of yield increase of grain sorghum hybrids for all environments was low and similar to the lowest maize yield increase rate for the rainfed, low water-holding capacity soil environment. These yield results suggest that area planted to maize will continue to increase and area planted to sorghum to decrease unless the rate of sorghum yield increase is substantially raised even though grain sorghum production costs are $27 ha −1 less than for maize (Selley et al., 2006) . Yield component analysis for maize showed that yield increases with introduction year were associated with increased number of ears per square meter and kernel weight, while for grain sorghum yield components did not clearly show the basis for yield increases.
